Intrauterine infection is a risk factor for developmental brain injuries in childhood. A variety of cytokines known to be toxic to developing brain cells have been isolated from mothers or children at risk for developmental disabilities, and these cytokines have been proposed as mediators of these injuries. We have developed a model of intrauterine inflammation that damages the developing white matter and we now hypothesize that selected cytokines are increased after our experimental inflammatory stimulus. Timed-pregnant Fischer 344 and Lewis rats were injected with 0.1 mg/kg of lipopolysaccharide (LPS) into the cervix at E15. Tumor necrosis factor-␣ (TNF-␣), interferon-␥ (IFN-␥), IL-6, and IL-10 were measured in homogenates of fetal brain and placenta at serial time periods within the first 24 h after the inflammatory stimulus. TNF-␣ was increased 20-fold in the placenta and more than 5-fold in the fetal brain after the stimulus. IFN-␥ was only increased within the fetal brain (20-fold) and IL-6 was only increased in the placenta (10-fold). IL-10 was mildly increased in the placenta and was decreased slightly in the fetal brain. Our observations show that an intrauterine inflammatory stimulus can cause large increases in Th1 cytokines within the fetal brain. The placenta can produce selected cytokines but fails to produce IFN-␥, suggesting that the fetal immune system produces this cytokine in response to our stimulus. By studying placental and brain cytokine responses in models such as ours, the mechanisms responsible for the damage to developing white matter can be determined. Inflammation has become a more widely recognized risk factor for the development of brain injuries in children (1) (2) (3) (4) . Over the past several years, epidemiologic evidence has accumulated implicating inflammation and infection with CP and PVL. Determining the mechanisms responsible for this association is pivotal in developing strategies to ameliorate the injuries in an early stage or preventing them altogether.
Cytokines are soluble mediators of the immune system that are produced in response to infections and also play a role in normal brain development (5) . Th1 cytokines promote the immune response to infection, whereas Th2 cytokines quell the inflammatory response. TNF-␣ is a Th1 cytokine that can be detected in developing rodent astrocytes during fetal life (6) and plays a role in parturition initiation in the placenta (7, 8) . In response to inflammatory stimuli such as LPS, TNF-␣ is rapidly released by microglia as well as other cells within the CNS (9, 10) . TNF-␣ is implicated in many forms of degenerative brain injuries and can initiate programmed cell death signaling cascades. IFN-␥ is a Th1 cytokine that is not normally present within the CNS during development. IFN-␥ is released from Th1 lymphocytes and natural killer cells and it can induce the release of TNF-␣ from a variety of cell types (11, 12) . After an inflammatory stimulus, IFN-␥ activates microglia, converts astrocytes into antigen presenting cells, and up-regulates major histocompatibility type II antigens on neurons, astrocytes, and oligodendrocytes (13) (14) (15) (16) (17) . IL-6 is another Th1 cytokine that is produced by macrophages and monocytes in the systemic circulation and it promotes immunoglobulin secretion and T cell activation (18) . Its role in normal CNS development is unclear, but IL-6 increases rapidly in response to LPS and TNF-␣ (19) . IL-6 receptors are present on both neurons and glia (20) and it has been implicated in both protective (neurotrophin, cellular survival) as well as degenerative processes within the CNS (21) . IL-10 is a Th2 cytokine that acts to limit the inflammatory response after stimulus. Its role in normal development is controversial, but IL-10 diminishes the inflammatory actions of Th1 cytokines through a wide variety of actions (22) .
Th1 cytokines have been implicated in inflammationinduced developmental brain injuries, but Th2 cytokines have not. TNF-␣ and IL-6 have been isolated from the placenta, amniotic fluid, and umbilical venous blood, and IFN-␥ has been isolated from fetal blood in children that develop CP or PVL (2, (23) (24) (25) (26) . TNF-␣ immunoreactivity has been demonstrated in PVL lesions at autopsy (27) . In vitro systems have demonstrated that TNF-␣ decreases oligodendrocyte progenitor number, affects cell morphology, and inhibits maturation, whereas IFN-␥ induces apoptosis [as measured by deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) and annexin V binding] and decreases oligodendrocyte proliferation (28 -30) . These observations have led to hypotheses that these cytokines produced in response to intrauterine infection and inflammation cause damage to the developing fetal brain. Conversely, although Th2 cytokines can be produced by placental tissues (31) and have been associated with protection from certain brain injuries (32, 33) , there is no evidence to date that they play a role in inflammation-induced developmental brain injuries (34) .
We have developed a model of intrauterine inflammation in timed-pregnant rats to study this process (35) . Our model shows i) damage to the developing white matter as demonstrated by decreased oligodendrocyte-specific staining (CNP and PLP) and ii) an increase in apoptotic cell death in the periventricular region as manifested by an increased number of TUNEL-stained nuclei in the periventricular region. We concluded that these observations could be the result of a decreased number of oligodendrocytes, a decreased amount of myelin protein produced by the oligodendrocytes, or a decreased number of cellular processes.
To further assess the clinical applicability of our model, we measured cytokines that are putative mediators of these injuries in children with PVL and CP. We hypothesized that our model of intrauterine inflammation would cause an inflammatory response within the fetal brain, manifested by an increase in TNF-␣, IFN-␥, and IL-6. We hypothesized that the inflammatory response to our stimulus would be limited to Th1 cytokines and, therefore, the Th2 cytokine IL-10 would not be affected. Lastly, we hypothesized that the placenta would be a major source of cytokines released in response to the stimulus and, therefore, cytokines would be increased earlier in the placenta than the brain.
MATERIALS AND METHODS
All experiments were performed with the approval of the Institutional Animal Care and Use Committee of Children's Research Institute of Children's National Medical Center. Timed-pregnant Fischer 344 and Lewis rats were obtained from Charles River Laboratories (Worchester, MA) at E12 and allowed to acclimate to our animal facility for 3 d before experimentation. LPS (Escherichia coli serotype 0111:B4) was obtained from Sigma Chemical Co. (St. Louis, MO). OptEIA ELISA kits for rat IFN-␥, TNF-␣, IL-6, and IL-10 were obtained from BD Pharmingen (San Diego, CA).
Experimental protocol. Pregnant rats were studied at E15 using a protocol we have previously described (35) . Briefly, rats were anesthetized with 4% isoflurane, the cervix was visualized, and 0.1 mg/kg of LPS was administered in a mixture of 0.1 mL of saline. In pilot experiments to develop our model, we found that the cervical wall could be easily visualized using a surgical microscope and a small speculum. We found that we could reliably inject 0.1 mL of dye (Evans blue) within the cervical muscle with high reliability and without leakage into the surrounding tissue. Once injected with LPS, rats recovered from anesthesia and the procedure within 2 min of induction. We have previously established that this dose of LPS is associated with minimal fetal mortality (4%) when animals are allowed to survive to delivery.
At designated times after injection (baseline, 1 h, 2 h, 6 h, and 24 h), rats were again anesthetized with 4% isoflurane. A laparotomy was performed and the uterus exposed. Fetal sacs were isolated, fetal brain and placenta were dissected and placed in 600 L of iced lysis buffer (RIPA buffer containing 50 mM Tris-HCl, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, and 1 mM EDTA; recipe from Upstate, Charlottesville VA). Tissue was dissociated, sonicated, and centrifuged at 14,000 rpm at 4°C. Supernatants were collected and stored at Ϫ70°C until analysis.
Protein determination. Protein concentration of each supernatant was determined using reagents from BCA following the directions from the manufacturer (Pierce Chemical, Rockford, IL). In brief, 2 L of supernatant was mixed with 48 L of deionized water and 1 mL of the BCA protein assay mixture. Standards were prepared similarly using BSA as a protein source. Samples were heated to 60°C in a water bath for 30 min and protein concentrations were determined using a spectrophotometer (Beckman DU Series 500, Beckman Coulter, Inc., Fullerton, CA) at 562 nm.
Cytokine determination. TNF-␣, IL-1␤, IL-6, and IL-10 concentrations were determined by commercially available ELISA kits (BD Pharmingen) following the directions provided by the manufacturer. Samples (100 L) or known standard were added to wells coated with an appropriate capture antibody. After the wells were washed, a biotinylated antibody and an avidin-horseradish peroxidase conjugate were serially applied. Tetramethylbenzidine was used as a chromogen and the reaction was stopped after 30 min with the application of 1 M H 3 PO 4 . Absorbance was measured at 450 nm by a microplate reader (Thermomax Microplate Reader, Molecular Devices, Sunnyvale, CA), and data were analyzed with Soft Max Pro software (Molecular Devices). Standard curves were determined from known standards and sample cytokine concentrations were calculated. Samples were run in duplicate, and the mean concentration of each sample per milligram of protein 542 was calculated. For each cytokine, median concentrations of all the samples of a given time point were determined and reported as median (25-75%) .
Statistical analysis. Statistical analysis was performed using SPSS version 2.0 (SPSS Inc., Chicago, IL). Because we were interested in studying the acute effects of our LPS injection on baseline cytokine concentrations and not on saline controls, we compared concentrations at times after injection to baseline with the Kruskal-Wallis one-way ANOVA on ranks with Dunn's method. Correlations between cytokines were determined using Pearson correlations (p Ͻ 0.05 was considered significant).
RESULTS

Four mothers
This finding is consistent with our previous work demonstrating that each strain is equally affected by our inflammatory stimulus (35) . Therefore, data from brains and placentas from both strains were combined for analysis at each time point.
Placental concentrations of the cytokines are summarized in Figure 1 . TNF-␣ significantly increased at 1 h and 2 h after the inflammatory stimulus, returned to baseline at 6 h and was maximal (20- 
Brain concentrations of cytokines are summarized in Figure  2 . Brain TNF-␣ and IFN-␥ were both increased at all time periods after 2 h [TNF-␣: baseline, 12.6 pg/mg (9.0 -14.0); 1 h, 11.9 (9.9 -13. 
DISCUSSION
In this study, we hypothesized that our inflammatory stimulus would increase Th1 cytokines, would not significantly change Th2 cytokines, and the placenta would be the main source of the cytokine response. Our results demonstrate a vigorous Th1 cytokine response in both the brain and placenta and minimal change in Th2 cytokine response in both the brain and placenta, thereby supporting the first two hypotheses. With regard to the final hypothesis, placental TNF-␣ was increased before an observed increase within the brain, suggesting that the placenta may be a fetal source of this cytokine. But, brain IFN-␥ increased dramatically without a placental IFN-␥ response, suggesting that the placenta is not a source of this cytokine in response to our stimulus.
In determining the utility of an animal model to study a human disease, we feel it is important that i) the cells and structures injured in the human condition are similarly affected in the animal model, ii) the putative mediators of injury in the human condition are present in the animal model, and iii) these mediators have a plausible rationale for producing the injury observed. Once these conditions are met, mechanisms of injury can then be assessed in the animal model and further comparisons can be made with the human disease.
With the completion of the present study, we believe we have begun to satisfy these criteria for our model. We have previously shown damage to the developing corpus callosum by oligodendrocyte-specific immunostaining (CNP and PLP) and an increased number of apoptotic nuclei after our inflammatory stimulus (35) . In this study, we have found that two important Th1 cytokines are increased relatively early and persistently within the fetal brain after our stimulus is applied to the uterus of the mother. Others have found these cytokines are toxic to developing oligodendrocytes in culture (28, 29) , so studying the mechanism of injury in our model may provide clues to the mechanisms of injury in children.
We are the first group to report on the placental contribution to the cytokine response and we have found that our intrauterine stimulus causes increased placental TNF-␣ and IL-6, but not IFN-␥. This suggests that although TNF-␣ produced in the placenta may simply cross the placental-fetal barrier, IFN-␥ is produced by the fetal immune system to cause its effects. In contrast, the IL-6 response observed within the placenta is not within the fetal brain. If this is proven true in other models and in humans, pharmacological treatments to mitigate these effects would necessarily need to target both the maternal and fetal immune systems. Models of inflammation have been developed in attempts to mimic developmental brain injuries. Several groups have instilled live bacteria within pregnant animals to develop an inflammatory response (36, 37) but quantification of the cytokine response in these models has not been reported. LPS administration has been used as an inflammatory stimulus in a variety of different methodologies. Duncan and colleagues (38) delivered LPS intravenously on 5 consecutive days. Serum IL-6 increased in the fetuses after the first two injections but then returned to baseline and other cytokines were not reported. This model also showed that LPS delivered in this manner had systemic effects on the developing fetus (decreased blood pressure and decreased oxygen saturation of arterial blood) and the treatment led to damage within the developing white matter. Our model did not estimate these physiologic changes caused by LPS injection due to size constraints in our animals. However, we measured tissue, rather than serum, concentrations of cytokines, which may be a more accurate reflection of the actions of these mediators. We chose to measure TNF-␣ and IFN-␥ due to their association with oligodendrocyte damage as well (28, 29) . In the future, it would be interesting to determine the placental response to this intravenous method of LPS delivery.
Our findings are in relatively close agreement with models using intraperitoneal LPS injections. Cai and colleagues (39) injected timed-pregnant rats with LPS in two separate paradigms. In the first experiments, a relatively large dose of LPS (4 mg/kg) was administered on a single day (E18) and timedependent increases in TNF-␣ and IL-1␤ mRNA were observed in fetal brains. The mRNA of both cytokines were detectable at 1 h and maximal at 24 h. In subsequent experiments, the authors injected LPS in a smaller dose (500 g/kg) on both E18 and E19 and observed decreases in myelin basic protein staining within white matter structures at P8. Although this study reports mRNA concentrations rather than protein, the time course of TNF-␣ expression is similar to that observed in our study. Both studies confirm that LPS injection in pregnant animals can initiate a significant inflammatory response within the fetus, including the production of Th1 cytokines within the fetal brain. However, we observe this increase at the same dose of LPS that causes histologic changes later during development, and our model of injury assesses the placental cytokine response. Intraperitoneal injections of LPS bypass the placenta and may not mimic human chorioamnionitis as closely as models such as ours or those that involve bacterial infection of the uterus.
Others have directly injected LPS into the developing brain of developing animals to initiate the inflammatory response. Pang and colleagues (40) stereotactically injected LPS into the cerebral ventricles of P5 rats and found that the white matter was selectively damaged. At a number of time periods after the stimulus, brain TNF-␣, IL-6, and IL-1␤ concentrations were measured. They observed a vigorous TNF-␣ response within hours that persisted over 24 h, which is similar to our findings. In contrast, they also observed a rapid increase in IL-6, which we did not observe. Recently, this group has shown that IL-1␤ may play a pivotal role in this model (41) . We chose our cytokines because our preliminary data showed that TNF-␣ was present in the brain at the time of delivery whereas IL-1␤ was not observed. In the future, it would be interesting to determine whether our model shows a similar IL-1␤ response. Lenhardt and colleagues (42) injected LPS into the cerebral ventricles and similarly demonstrated selective injury to the developing white matter. Through a series of experiments, they deduced that LPS binding to TLR4 may be responsible for damaging the developing glia but they did not investigate the cytokine response in their experiments. Direct injection of LPS into the brain causes localized trauma and likely activates a wide variety of immunologic responses that may be additive or even synergistic in nature. Because epidemiologic studies as well as evidence from our model suggest that the placenta plays a role in this process, it is the burden of investigators using intracerebral injection models to prove that their stimulus mimics chorioamnionitis closely enough to make their applicability to humans apparent.
Our study has several limitations. We measured cytokine concentrations in the entire brain and this may not reflect the cytokine milieu within the true region of interest, the periventricular white matter. We considered dissecting the developing white matter from the adjacent structures but were concerned about introducing biases using this approach. Because developing white matter and gray matter have widely variable protein contents during development, inclusion of a small amount of adjoining structures might significantly affect the protein content and tissue homogeneity of the isolated samples. Because we standardized tissue cytokine concentrations to the total protein concentration of the homogenate, minor changes in the efficiency of the white matter dissection could cause significant bias in the results. Also, brain and placental tissue samples in this study included some amount of fetal blood. We strove to eliminate as much fetal blood contamination as possible, but the concentrations of cytokines we observed were necessarily influenced by some fetal blood contamination. This small amount of contamination probably explains why we observed minimal baseline concentrations of IFN-␥ in the brain. However, if the observed increases in cytokines were solely due to fetal blood, both placental and brain cytokine concentrations would have increased in parallel. As we demonstrated, IFN-␥ concentrations within the placenta did not increase whereas those in the brain increased 20-fold. Lastly, we could not control for changes in protein synthesis caused by our LPS treatment. If the overall protein concentration of the fetal brains or placentas was changed by our treatment, then the cytokine concentrations that we calculated (standardized to overall protein content) would reflect this alteration. This effect would likely take some time to manifest itself and would be expected at the later time periods of the study. For instance, if our LPS treatment significantly increased overall protein synthesis, this would explain why brain IL-6 and IL-10 concentrations are decreased slightly at 24 h after treatment. Further studies to control for protein synthesis would be necessary to fully explain this effect.
In conclusion, we have demonstrated that our experimental model of intrauterine inflammation causes a vigorous and specific Th1 cytokine response in the fetal brain and placenta. Since these cytokines may play a role in the development of 545 FETAL CYTOKINE RESPONSE TO INFLAMMATION brain injuries in children, investigating the mechanisms of cell damage and death and the effects of our treatment on cells of the oligodendrocyte lineage may help in understanding these processes in children. If our findings of a fetal response to inflammation are proven true in other models and in children, pharmacological agents that can cross the placental barrier will be required for clinical trials to ameliorate the cytotoxic effects of inflammation. We believe that other studies seeking to mimic intrauterine inflammation should demonstrate that purported mediators in human disease are present at critical times during development.
